Terrestrial and lunar rocks share chemical and isotopic similarities in refractory elements, suggestive of a common precursor. By contrast, the marked depletion of volatile elements in lunar rocks together with their enrichment in heavy isotopes compared to Earth's mantle suggests that the Moon underwent evaporative loss of volatiles. However, whether equilibrium prevailed during evaporation, and, if so, at what conditions (temperature, pressure and oxygen fugacity) remain unconstrained.
composition through time and space. Estimates of the Moon's composition were garnered by analysis of six Mg Suite samples, a set of cogenetic cumulate rocks that record the early stages of the Moon's differentiation (29), in addition to five lunar mare basalts and lunar green glass. The Cr isotopic data are reported as δ 53 Cr, the per mille deviation of the 53 Cr/ 52 Cr ratio of the sample from the NIST SRM 979 standard, together with its associated 2SD uncertainty throughout unless otherwise specified. Twenty terrestrial ultramafic samples have δ 53 Cr between -0.17±0.06 ‰ (sample 422/95) and -0.07±0.04 ‰ (sample 49J), with an average of -0.11±0.05‰ (Table 1) , identical to the average of samples used to define bulk silicate Earth (BSE), -0.13±0.10‰ (30) but with less scatter. The lack of isotopic variation despite differences in i) different emplacement ages (3.5 to 2.7 Ga for komatiites; present-day for peridotites), ii) komatiite source fertility and iii) lithology (peridotites vs. komatiites)
attests to the homogeneity of Cr isotopes in convecting mantle from 3.5 Ga to the present-day. The Cr isotope compositions for the five mare basalts range from -0.31±0.01 ‰ in sample 10003 to -0.20±0.01 ‰ in sample 70135, both of which are high Ti basalts and span the range of the two low Ti basalts (Table 1) . A previous study found overlapping Cr isotope compositions in Low-Ti and HighTi basalts, with an average of -0.22±0.10 ‰ (31). As a whole, lunar mare basalts tend to lighter δ 53 Cr with decreasing Cr (Fig. 1a) and MgO content (Fig. 1b) . By contrast, the Mg Suite cumulates record an increase of δ 53 Cr with falling MgO (Fig. 1b) . The olivine-rich samples dunite 72415 and troctolite 76535 have δ 53 Cr within the range of lunar mare basalts (-0.30±0.01‰ and -0.25±0.01‰, respectively), while the more evolved norites (orthopyroxene-plagioclase) have distinctly heavier compositions, up to -0.08±0.01‰. Green glass clods from soil sample 15426 have δ Fig. 1 . The chromium isotope composition of lunar samples; Mg Suite = red (n = 6), Green glass = green (n = 1), High Ti = yellow (n = 13), Low Ti = grey (n = 11), smaller circles show the data of (30); and terrestrial komatiites (blue squares, n = 17) and peridotites (blue diamonds, n = 3), expressed as δ 53 Cr, as a function of their a) chromium content and b) MgO content. Also shown are a trend line for the Mg Suite (black line), and estimates for the bulk composition of bulk silicate Earth and the Moon (grey fields).
Mechanics of Cr isotope fractionation during magmatic processes
Chromium isotope fractionation arises from the decoupling of Cr 2+ and Cr 3+ in magmatic phases. Their relative abundance in silicate liquids is dependent on oxygen fugacity, fO2, according to the homogeneous equilibrium:
The positive entropy change of reaction (1) stabilises chromous oxide to high temperatures (32).
Terrestrial and lunar magmas have fO2 near the Fayalite-Magnetite-Quartz (FMQ) and about 1 log unit below the Iron-Wüstite (IW) buffers, respectively (33). Under these conditions with logK(1) ≈ 1.9
at 1400°C, Cr 2+ /∑Cr is 0.32 and 0.91 for terrestrial and lunar magmatic liquids, respectively (34).
In (ultra)mafic magmas, olivine, pyroxene and chromite can leverage Cr isotope fractionation in the liquid from which they crystallise. 
Composition of the bulk silicate Earth and Moon
Owing to the potential for chromite to engender isotopic fractionation, especially in lunar magmas where the disparity in valence state of Cr in the melt (Cr 2+ ) and in chromite (Cr 3+ ) is large, quenched liquids or direct mantle samples are the best indicators of mantle composition.
In determining the Cr isotope composition of the BSE, data for ultramafic rocks from this ‰ whose population is normally-distributed (SI Appendix, Table S9 ) and has a 2×standard error of the mean (2SE) of ±0.02 ‰.
In order to quantify the degree of mineral accumulation in lunar mare basalts, bulk rock Mg# was compared to that expected for a liquid in equilibrium with the highest Mg# olivine (or orthopyroxene in olivine-free basalts) in the sample, given Table S11 ; no outliers were found).
A two-tailed student's t-test yielded a t-statistic of 13.36 relative to a critical value of 2.00, illustrating that the δ 53 Cr of the Earth (-0.11±0.02 ‰, 2SE, n = 36) and Moon (-0.21±0.03 ‰, 2SE, n = 17) are clearly statistically resolvable at Δ 53 CrMoon-Earth = -0.10±0.04‰.
Estimates for the Cr content of the lunar mantle, based on Fe/Cr and on Cr/V correlations in lunar rocks give 2200 ppm and 2500 ppm (8), respectively. The latter estimate is a maximum because it assumes V is refractory, despite the fact that Al/V ratios increase from 159 in CI chondrites to 182 in CV chondrites (9). If V is slightly depleted in the Moon (by a factor of 159/182), then its Cr content decreases to 2180 ppm. A value of 2000 ppm is calculated by combining the ≈3500 ppm Cr in lunar green glass beads with chromium partitioning during partial melting of an olivine-dominated lunar mantle source (9). An average of these estimates gives 2125±110 ppm Cr in the Moon, which is therefore depleted with respect to the Earth's mantle (2520±250 ppm) by 16±10%.
Isotopic fractionation of chromium during planetary formation
By adopting the Earth's mantle as the Moon's progenitor (4, 40), either core formation or volatile loss can simultaneously decrease Cr abundance and shift its isotopic composition.
Geophysical results from the GRAIL mission have shown that the core comprises 1% of the Moon's mass (45). At 55 kbar, the pressure at its centre, the partition coefficient of Cr into Fe-Ni metal is very near unity at IW-2 (10), and, as such, the lunar core would only contribute to a minor (≈1%) depletion of Cr, attested to by the paucity of solutions in lunar core formation models that fit observed Cr depletion (46). Furthermore, ab-initio calculations show that the isotopic composition of metallic Cr is slightly lighter than Cr 2+ in the M-sites of olivine (39) meaning metal segregation would result in isotopically heavy silicates, contrary to observations. It is therefore unlikely that core formation can account for the Cr depletion or its light isotopic composition in the lunar mantle. (2) and depend on temperature, pressure and fO2, where the total pressure is that in the gas above a BSE composition (13 
Increasing oxygen fugacity increases the volatility of Cr (eq. 2), in contrast to Zn, Rb, Ga or K (25).
The partial pressure of CrO2(g) is calculated in a vapour in equilibrium with a BSE-like silicate melt composition (13) as a function of temperature and fO2 (Fig. 2) . Given an ideal gas, significant (>1%)
CrO2(g) in the vapour only occurs above 1500 K (Fig. 2) , assuming a CrO activity coefficient in silicate melts of ≈3 (34).
Whether gas-liquid exchange between CrO2(g) and CrO(l) can drive the condensed phase to isotopically light compositions requires knowledge of the force constants of Cr in both CrO(l) and CrO2(g), neither of which are available. To remedy this, we calculated the reduced partition function ratio of 53 Cr/ 52 Cr substitution in the diatomic molecule CrO(g) in the harmonic approximation (49) given the Cr-O vibrational frequency of 864 cm -1 (50). Then, bond valence theory was used in the electrostatic description of bonding with Born-Landé potentials (51) and propagating uncertainties yields ≈ 700 (+1100/-300) K. Importantly, both thermodynamic and isotopic constraints converge at temperatures between 1600 -1800 K and fO2 between FMQ and FMQ+1 ( Fig. 2) .
Implications for the origin of the Moon
Relative to terrestrial ultramafic rocks, the uniformly light Cr isotope composition of samples most representative of the lunar mantle, independent of whether the samples are extrusive (e.g., green glass) or intrusive (Mg Suite) supports a global-scale vapour-loss event, manifest in the depletion of moderately volatile elements (2, 4, 11) . In contrast with recent numerical giant impact models that predict temperatures in excess of 4000 K (15, 52) , the temperature of volatile loss must have been <1800 K to produce measurable equilibrium isotope fractionation of Cr (Fig. 2) . Moreover, Zn, Ga and Cl exhibit variable isotopic compositions in different lithologies, suggesting that lunar volatile loss occurred during magma ocean crystallisation, at temperatures not higher than the silicate liquidus (23, 24). If volatile depletion did occur as a direct result of the impact, evaporation at the highest temperatures did not leave any stable isotopic trace. Instead, isotopic fractionation and loss must have occurred after the Earth-Moon system had fallen from its peak temperatures. 
Where a value of ~3 marks the transition between the Jeans (>3) and Hydrodynamic (<3) escape regimes. Given that the temperature of the atmosphere decays over time, t1/2 ≈100 yr (54, 55), the likelihood of gas escape should be highest immediately after the giant impact (eq. 5). However, the vesc of a body is proportional to its mass. Prior to the accretion of the Moon, the bulk of the material lies within the Roche limit ( Fig. 3; 56) , where the combined masses of the Earth and Moon result in high vesc (11.2 km/s), thereby rendering volatile escape difficult, especially in the presence of an O2-and SiO-dominated vapour (57). Indeed, at 4000 K, 99.99 % of molecules (m = 0.052 kg/mol) in the vapour have vth < 3.8 km/s. However, as the disk cools, material migrates beyond the Roche limit by viscous spreading and begins to form the proto-Moon within 1000 yr of the initial collision (55). Over this time, the disk has cooled sufficiently to temperatures (54) that are consistent with estimates based on Cr isotopes (1600-1800 K; Fig. 3 ). The formation of the Moon facilitates volatile escape due to the decrease in escape velocity compared to that of Earth. A particle is lost from the Moon's atmosphere when it is trapped by the gravity field of Earth; a boundary called the Hill sphere, and is:
Where is the gravitational constant, and and r are the Moon's mass and radius, and rH is the Hill sphere radius (rH = a(MM/3ME) 1/3 ), where a is the distance between MM and ME (taken to be the Roche 
